ABSTRACT
INTRODUCTION
One of the most important distribution automation functions is fault location and isolation based on measurements in feeder terminal units (FTUs) or fault passage indicators (FPIs) [1] . While the location of a shortcircuit fault can be easily determined by comparing the overcurrent detection results of FTUs, the identification of the section with a single phase earth fault in a noneffectively earthed system (hereafter abbreviated as earth fault) has not been satisfactorily solved as the steady state fault current is very small and very often the fault arc is intermittent [2] . Active methods including the temporary resistive grounding method and the signal injection method [3] can be used to identify the faulty section but the passive method, which makes use of the fault generated signals only, is always preferred as it is simple, cost effective and has no adverse effect on primary system operation. It has been realized for a long time that fault detection methods using transient signals have better reliability and sensitivity. The conventional transient faulty feeder identification, or fault direction indication method, is to compare the initial polarities of zero mode (known as zero sequence for steady state fault analysis) voltage v 0 and current i 0 [4] . This method is prone to wrong indications as the time interval during which the polarities between v 0 and i 0 are correct varies with fault inception angle and system parameters. A new transient method which compares the polarities of dv 0 /dt and i 0 was developed recently [5] . The new method has much better reliability as the polarity relationship between dv 0 /dt and i 0 is always correct irrespective of fault angle and system configurations. However both these two transient methods require the measurement of zero mode voltage, which is usually not provided in the standard sectionalizing switch. Another transient method identifies the faulty section simply by detecting and comparing the magnitude of zero mode transient current (hereafter abbreviated as ZMTC) like the overcurrent principle used for short-circuit fault location. The reliability of this method is poor as the magnitude of downstream (after fault) ZMTC may be very close to the upstream ZMTC (before the fault) when a large sub-network, e.g. a switching station, is connected to the remote end of faulty feeder. A new fault location method based on comparing the similarity of ZMTCs captured by the FTU in the faulty feeder is presented in this paper. It can be easily incorporated into a distribution automation system (DAS) as no voltage measurement is needed.
TRANSIENT CURRENT ANALYSIS OF EARTH FAULT
The equivalent zero mode network of an earth fault in a non-effectively earthed network is as shown in Fig.1(a) , in which e 0f is a superimposed or fictitious voltage source being equal to the zero mode voltage at the fault point. This equivalent network is valid for the frequency components below a critical frequency ? h which is usually larger than 2000Hz in practical networks and contains the dominant transient components [6] . Assume the faulty feeder is sectionalized by two switches S1 and S2. The characteristics of ZMTCs of the faulty feeder are analyzed as follows. To simplify the analysis the influence of the Peterson coil is neglected.
Fault in the first section
For a fault at point F1 in the first outgoing section, as shown in Fig.1(b) , the ZMTC through circuit breaker CB of the faulty feeder is 
where i c01 is the ZMTC in the distributed capacitance of the first section.
Fault in the third section
For a fault at point F3 in the second section, as shown in Fig.1(d) , the ZMTCs of CB, S1 and S2 are 
The characteristics of ZMTC of faulty feeder
In the equivalent network of Fig.1, i c0h , i c01 , i c02 and i c03 are all capacitance currents stimulated by the same voltage source, which means they have similar waveforms. Therefore the characteristics of ZMTC of a faulty feeder can be summarized as: 1. The ZMTC of an upstream switch (before the fault) is the current in all the distributed capacitance before the switch including all healthy feeder capacitance, the source capacitance and the busbar capacitance. It has opposite direction as the fault current flows from the fault to the busbar. 
FAULT LOCATION METHOD
To discriminate and isolate an earth fault, t he master station of the DAS needs to know which section of which feeder is faulty. This can be achieved by collecting and processing the transient fault signals . While there is already a well established transient faulty feeder identification method, the faulty section identification method using the ZMTCs of a faulty feeder is described as follows.
Recording of ZMTC
After an earth fault occurs, the master station of the DAS collects the ZMTCs recorded by all the FTUs installed along the faulty feeder. The recording of ZMTC is triggered when the magnitude of ZMTC exceeds a preset threshold. The ZMTC can be obtained by a zero mode CT or by summating the three phase currents.
The sampling frequency
The sampling frequency should be higher than 4 kHz as the frequency of the dominant transient components is normally less than 2 kHz. A low pass filter with 2 kHz cutoff frequency is used to remove the high frequency components above which the feeder cannot be modelled by its capacitance. A sampling frequency of about 6 kHz Prague
is can be used in practical applications as a compromise between effectiveness of signal utilization and burden of data processing and transmission.
The data window
The transient of an earth fault usually lasts for 2 or 3 cycles. A data window of a quarter cycle is used in practice to reduce the volume of data to be transmitted. This data window can effectively guarantee the reliable faulty section identification as it contains enough transient signals.
Calculation of waveform similarity
The faulty section can be identified by comparing the similarities between the ZMTCs of two switches at opposite ends of the section (abbreviated as two end ZMTCs). The similarity of two ZMTCs i 0a (k) and i 0b (k) can be examined by calculating their correlation function, i.e.
( ) where k is sampling sequence; N is the length of data window; n is samples shifted between two ZMTCs . It is obvious that the cross correlation coefficient is 1 for two completely similar waveforms, and -1 for two similar waveforms with opposite polarities. Practically it is difficult to synchronize the data recording of two FTUs. There may be a time shift of a few samples between two recorded ZMTCs. Therefore the actual correlation function ( ) n ρ of two similar ZMTCs may reach its maximum value when n is an integer around zero. Two ZMTCs will be identified to be similar if their ? max is larger than a threshold ?, which can be set as 0.7 in practical application,
Faulty section identification
Having collected all ZMTCs captured by FTUs on the faulty feeder, the master station can identify if a section is faulty by calculating the correlation coefficient between two end ZMTCs . A section is identified as the faulted one if the ? max between its two end ZMTCs is less than the threshold ?, which indicates the two ZMTCs are not similar. While for a healthy section the ? max between its two end ZMTCs is close to 1 as their waveforms are similar. Considering the fault at point F2 as shown in Fig.(1) for example, the first section will be identified as a healthy section as ? max between i 0 and i 01 will be close to 1, and the section two is identified as the faulty section as ? max between i 02 and i 03 will be a negative value. The detection starts with the first section and continues until the faulty section is found. Very often the downstream circuit of a faulty feeder has limited length and its transient capacitive current is too small to trigger the recording of ZMTCs. If this is the case, only upstream ZMTCs are available in the master station and the section after the last FTU which has recorded the ZMTC will be assumed to be the faulty one.
SIMULATION RESULTS
The proposed fault location method has been tested by ATP-EMTP simulation of a compensated 10kV overhead line network as shown in Fig.2 . T he system is overcompensated with 8% resonance drift. The aerial mode impedance of the line is Table 1 , where ρ 1max is the maximum correlation coefficient between ZMTCs of CB and S1 and ρ 2max is maximum correlation coefficient between S1 and S2. It can be seen very clearly from the simulation that the maximum correlation coefficient is close to 1 for the healthy section and a negative value for the faulty section. Therefore the faulty section can be identified reliably by calculating and comparing correlation functions of its two end ZMTCs. ZMTCs of the first section, which is healthy, have almost identical waveforms and two end ZMTCs of the second section, which is faulty, have similar waveform but with opposite polarities. 
FIELD TRIAL RESULTS
The algorithm was tested using field data from an artificial fault with the DAS of a 10kV railway distribution network in Ganzhou, Jiangxi province, China. The network has an isolated neutral. The feeder monitored is 61km long and segmented by 4 sectionalizing switches, as shown in Fig.4 . An inductance is placed at the remote end to compensate the capacitive current. 
